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ABSTRACT 
Two cadmium-based nanocrystals were studied, cadmium selenide and cadmium telluride, 
which have potential applications in optoelectronic devices. CdSe quantum dots and 
nanorods were synthesized with a functional ligand, allowing for the formation of 
nanocomposites where a vinyl terminated conjugated polymer is attached through a mild 
Heck coupling. This provided a direct connection between the polymer and quantum, 
yielding improved charge transport from the polymer to the quantum dot. 
 The QD-CP nanocomposite was placed on the air-water interface and studied for the 
first time. The Langmuir isotherm was obtained and showed intriguing packing behavior, 
which a model system was proposed where the conjugated polymer bends and folds only at 
the conjugation length. A photovoltaic device was fabricated and showed poor performance, 
yet high short circuit current. 
 Cadmium telluride tetrapods were synthesized in a manner that easily controlled the 
arm width and therefore absorption peak and onset. The tetrapods were placed on the air-
water interface and showed unique dewetting behavior, forming ribbon like structures at the 
onset of pressure. At higher pressures, flower aggregated formed along the ribbon structure 
and eventual network structure formed. 
 CdSe nanorods were synthesized in the presence of a functional ligand. Initial NMR 
results show promise in this one batch synthesis, compared to the previous work done 
through ligand exchange. This shows promise and future work is continuing through 
colleagues in the Lin Research Group. 
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CHAPTER 1. INTRODUCTION 
Since Richard Feynman’s talk “There’s Plenty of Room at the Bottom” on December 29, 
1959 at the annual meeting of the American Physical Society,1 leaps and bounds have 
occurred in the realm of nanotechnology. With the discovery in 1986 of the 
Buckminsterfullerene, a hallow sphere of 60 carbons,2 and single wall carbon nanotubes 
shortly there after,3, 4 more complex structures on the nanoscale have emerged, including 
solid spheres (dots),5-8 rods,8-13 tetrapods,8, 9, 12-15 wires,10, 16 among others.9, 15, 17  
 
1.1. Nanoparticles 
For the past several years, increasing attention has focused on the synthesis of nanoscale 
materials.14, 18, 19 Two conventional methods have been employed to the development of 
crystalline nanoparticles: the top-down and the bottom-up approaches.20 With the top-down 
approach, bulk material is machined down to the desired dimension. While this method 
works well for Micro-Electro-Mechanical Systems (MEMS) with dimensions down to a 
micron, and even smaller with silicon, problems arise when the scale approaches the 
nanometer regime. On this length scale, crystal defects, such as point defects (e.g., 
vacancies), line defects (e.g., edge dislocations), planar defects (e.g., grain boundaries), and 
even bulk voids, can interfere and destroy the desired dimension. As such, high-purity, 
defect-free material is required, often with the use of electron lithography; both high-purity 
material and electron lithography drive up the cost of nanoscale manufacturing. 
With the bottom-up approach, individual atoms and molecules are assembled into the 
desired structure at a particular length scale.  This assembly can be directed through a variety 
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Figure 1 Comparison between bottom-up and top-down approaches to nanoscale 
fabrication.21 
of means, including thermodynamics, surfactant molecules (e.g., capping ligands), 
concentrations, etc. This approach works well for the nanoscale regime; however, explicit 
control of the size and shape of nanoparticles is still a challenge. Often, purification is done 
to select a narrower distribution of the nanoparticles in an attempt to create a quasi-
monodisperse sample. 
In recent years, nanocrystals have been given increasing attention due to their unique 
properties arising at the nanoscale. These nanocrystals are often produced via colloidal-based 
chemistry. Colloidal-based chemistry, a bottom-up approach, offers several advantages: the 
choice of precursors and capping ligands, scalable batch processing, and eliminating the need 
for lithographic techniques. For instance, cadmium, Cd, a known carcinogen, is of current 
research interest due to its semiconducting properties in the form CdX, where X is selenide 
(Se), sulfur (S), or telluride (Te).22-25 However, due to its carcinogenic properties, pure 
cadmium cannot be used. Instead, two typical precursors have been utilized: cadmium 
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oxide14, 23, 26 and cadmium acetate,27, 28 allowing for synthesis. Functionalization of the 
nanocrystals is possible through the capping ligands, allowing solubility in either organic or 
water-based solvents, with the latter usually achieved with a ligand exchange procedure.29 
Additionally, capping ligands can have a marked effect on photoluminescence,30 charge 
transport27, 28, 31 or insulation,31, 32 as well as providing a platform for further 
functionalization, e.g., inserting a reactive end group.27-29, 33 
By far, gold nanoparticles are the most widely studied nanoparticle system. These 
nanoparticles have promise in a variety of applications, including DNA labeling,34 
biodiagnostics,35 and catalytic effects.36-38 Additionally, gold nanoparticles have been the 
focus of fundamental knowledge. While gold nanoparticles are relatively easy to synthesize, 
current research is focusing on other novel nanoparticles. 
 
1.2. Semiconducting Nanocrystals 
Recently, semiconducting nanoparticles have seen increased attention due to the 
potential applications arising from the unique properties at the nanoscale. Varying shapes of 
semiconductor nanoparticles have been synthesized, with quantum dot (QD), quantum rod 
(QR, nanorod), tetrapod, and nanowire synthesis the most refined and controlled.39-42 QD are 
semiconductor materials where the excitons, i.e., coupled electron-hole pairs, are bound in all 
three spatial directions. QRs and nanowires confine the excitons in two directions, allowing 
excitons to travel along the axis direction. Tetrapods combine QD and QR: the center acts as 
the QD with the arms allowing excitons to traverse.  
The excitons in a QD can be viewed as electrons trapped in a finite potential well, 
producing discrete allowed energy levels for the electrons. These allowed energy levels 
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produce band gaps where no electrons are allowed. In the ground state, i.e., the least 
energetic, electrons will occupy the lowest energy levels. When excited with light, electrons 
in the QDs can absorb photons with higher energy than the band gap. When this occurs, an 
electron jumps from a lower energy state to an unoccupied, higher energy state by absorbing 
the exact amount of energy from the photon as the band gap; the excess energy of the photon 
typically dissipates as heat. To return to the least energetic state, the electron must “fall” 
from a higher to a lower energy level, ridding itself of the band gap energy in the process. 
This ridding of energy occurs by the emitting of a photon. When the band gap is between 
1.77 and 3.1 eV, the emitted photon will be in the visible region due to the equation 
   ν 1 
where E is the energy of the photon, h is Planck’s constant, and ν is the frequency. By 
substituting the wavelength for frequency, the corresponding wavelength for the band gap 
energy can be determined 
   


 2 
  

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3 
where c is the speed of light and λ is the wavelength. Thus, for 1.77 and 3.1 eV, the 
corresponding wavelengths are 700 and 400 nm, respectfully.  
The excited electron will fall back to the less energetic state unless the electron can be 
separated from the vacancy (hole) it left in the lower energy state. When an electric field is 
present, either through built in potential via a p-n junction or externally applied, the electron 
can travel through the higher energy level (conduction band in inorganic semiconductors) to 
the cathode while the hole can travel in the lower energy level (valence band) to the anode.  
  5 
 
Figure 2 Different sized CdSe quantum dot solutions emitting varying wavelengths due to 
different size quantum dots. Samples were excited with UV radiation. These solutions were 
produced in the Lin Research Group laboratory.   
This is the basic principle of photovoltaic devices: first create electrons and holes and then 
separate them to collect the charge carriers.  
Additionally, the larger the QD, the larger the “width” is of the quantum well, 
allowing for more energy levels spaced less energetically apart. This produces smaller band 
gaps as the QD diameter increases. As such, smaller diameter QD will emit bluer, higher 
energy, light with larger dots emitting redder, lower energy, light, depicted in Figure 2. Also 
seen in Figure 2 is the highly emissive nature of the QDs. Colloidal chemistry gives another 
advantage in QD synthesis. By altering the growth time of the reactants, the final size of the 
QD can be controlled.28 Additionally, one reaction can produce a series of QDs with 
increasing size by withdrawing aliquots at different time intervals. 
One particular property of interest arising in semiconductor nanocrystals at the 
nanometer scale is multiple exciton generation (MEG). As stated above, when incident 
photons are greater than the band gap energy, electrons at a lower energy can absorb energy 
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of the photon, equivalent to the band gap energy, and jump up to a higher energy. The 
remaining energy of the photon is typically converted to heat in the lattice.  However, if the 
remaining energy is equivalent or greater than the band gap, another electron could, 
theoretically, absorb that energy and jump to a higher energy level. Thus, one incident 
photon could produce multiple electron-hole pairs, increasing the efficiency of photovoltaic 
devices.  
In bulk semiconductors, MEG is typically not observed due to a greater number of 
allowed energy levels and long range lattice order. When a high power incident photon 
excites an electron from the valence band in a bulk semiconductor, the electron may not 
simply jump to the next energy level. Instead the electron may jump to an energy level two 
more away from the initial level. Then, by losing energy through heat to the lattice, the 
electron can drop down to the energy level immediately above the initial level, i.e., the 
conduction band. In QDs, however, there is no long range order of the lattice since the size of  
  
Figure 3 Theoretical conversion of photons into charge carriers in MEG nanocrystals. As the 
energy of incident photons increases by Eg, the quantum efficiency (QE), right, increases by 
100% in a stair step manner.43 
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Figure 4 Semiconductor quantum dots of varying compositions, shown with their possible 
emission in respect to the electromagnetic spectrum.6 
the dots is on the nanometer range, with excitons spatially bound in all three directions. 
While there are conflicting theories as to why MEG is observed in semiconductor QDs,44 
MEG has been reported for QDs of CdSe, PbSe (lead selenide), PbS, and PbTe.43, 45-52  
As alluded to above, cadmium based nanocrystals are of a current research interest 
due to their semiconducting properties. Indeed, cadmium based quantum dots have band gaps 
that span the visible region, from ultraviolet to the infrared (see Figure 4). In fact, other II-VI 
quantum dots have semiconducting properties as well; however, these band gaps lie in either 
ends of the visible spectrum. While these are fundamentally important in terms of research, 
most applications utilize the visible spectrum.  
While QDs are relatively easy to synthesize, more advantageous properties can be 
realized with more unique shapes. Quantum rods, for example, provide a pathway for charge 
carriers. Additionally, the photophysical properties, i.e., absorption maximum, can be tuned 
by controlling the diameter of the rods: for CdSe rods with a diameter of 3 nm, the absorption 
onset occurred at 650 nm. By increasing the diameter to 7 nm, the absorption onset increased 
to 720 nm.53 Additionally, it was found that by increasing the aspect ratio of the CdSe 
nanocrystals, from dots to longer rods, the external quantum efficiency increased
 Figure 5 External quantum efficiency of CdSe nanocrystals as a function
dramatically (Figure 5). Furthermore, it was found in Alivisatos’ gro
emitted brighter as biological labels, allowing easy detection in fluorescent microscopy (see 
Figure 6).54 This may be due to the increase cross
excitons to be generated in a specific area.
Figure 6 Fluorescent micrographs of CdSe quantum rods (a) and quantum
corresponding signal to noise ratio (c).
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For biological applications, as synthesized nanocrystals must be surface 
functionalized for solubility in aqueous mediums. This can be done through a ligand 
exchange process, where the organic and hydrophobic ligands on the nanocrystal are 
replaced with hydrophilic ligands. In this process, incomplete removal of the hydrophobic 
ligand is always a concern. However, depending on the application, complete removal may 
not be necessary so long as the nanocrystal is soluble in the aqueous medium. Additionally, 
amphiphilic di- or tri-block copolymers can be utilized in making the nanocrystals water-
soluble. In this regard, the hydrophobic ligands bind with the hydrophobic portion of the 
copolymer. The hydrophilic portion then creates a shell around the nanocrystal, 
encapsulating it and allowing for use in biological mediums.6 
A key advantage of nanocrystal labeling is multiplexing through the use of various 
sized nanocrystals. By binding different biomolecules to different sized nanocrystals, one 
experiment can produce multiple data results, decreasing the need for more tests or 
experiments. This is due to the size-dependent emission of the nanocrystals. The challenge 
remains in how to effectively and efficiently bind the biomolecules to the nanocrystal. 
 Another application that nanocrystal research is currently pursuing is photovoltaics. 
With the world’s oil supply dwindling, there is a current rush of research in energy based 
fields. In the photovoltaic field, commercially available silicon solar cells, while having 
efficiencies of 12-14%, have seen their efficiency and production become stagnant. This 
could be due to the high cost of producing silicon-based panels: high fabrication cost in terms 
of high temperature and high vacuum vapor deposition and high quality and quantity of 
silicon. Additionally, the theoretical efficiency for a single-junction silicon-based solar panel 
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is 32%.55 These, taken together, severely limit the research of traditional bulk silicon-based 
solar panels. 
 In light of the stagnation of the first generation solar cells, i.e., bulk silicon, research 
has progressed in thin films of amorphous silicon, copper indium gallium selenide (CIGS), 
and cadmium telluride, with commercial companies and products currently on the market. 
Powerfilm, based out of Boone, IA, currently produces amorphous silicon solar cells on 
polymer substrates; First Solar produces CdTe thin film modules; and both Global Solar and 
Nanosolar produce CIGS cells. With the success of these thin films, nanocrystals have 
potential in photovoltaic and other optoelectronic applications. 
  
1.3. Organic Electronics 
 The current growth in organic electronics, both in research and commercially, can be 
attributed to the same reasons described above for photovoltaics. Traditional, bulk inorganic 
semiconductors, be it silicon or others, require high purity resulting in high processing costs. 
Thus, device efficiency can be sacrificed if a low-cost alternative is developed, provided the 
cost per energy output is less than traditional wafer technology. In this, the discovery of 
conducting organics, be it small molecules or polymers, has pushed this growth. While 
current efficiencies of these organic molecules are low, the low-cost processing, e.g., 
solution-based chemistry, is attracting considerable research.  
Additionally, several commercial manufactures have started producing organic-based 
electronics. Currently, these commercial products are limited to small molecule light emitting 
diodes (OLEDs) for flat panel displays. Of current research interest is the polymer poly(3-
hexylthiophene) (P3HT). P3HT, chemical structure and packing shown in Figure 7, is a 
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semiconducting polymer, one of the most widely studied.56-59 P3HT is semicrystalline, with 
strong pi-pi interactions on the backbone. To have the semiconducting properties desired, the 
head-to-tail orientation of the backbone must be preserved, creating a regioregular polymer. 
Indeed, the degree of regioregularity has a pronounced effect.57 This can be attributed to the 
higher degree of the crystalline phase due to less steric hindrance of the “dislocated” hexyl 
side chains present in low degree of regioregularity P3HT. 
 
1.4. Nanocrystal - Organic Systems 
Nanocrystal-organic systems are intriguing systems due to the dual nature of 
inorganic crystals in contact with organic molecules, i.e., polymers. For instance, Rubinstein 
and coworkers created a novel metal-organic hybrid. In this, they synthesized gold nanorods 
using cetyl trimethyl-ammonium bromide (CTAB) as a capping ligand, which preferentially 
Figure 7 (a) Chemical structure of regioregular P3HT. (b, c, & d) Packing of P3HT in 
crystalline domains. 
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binds to the (100) facet, the longitudinal side of the nanorod. Due to the absence of CTAB on 
the ends of the rod, thiol-terminated polystyrene (PS) was able to be grafted onto the ends. 
The resulting hybrid structure performed analogous to amphiphilic triblock copolymers.60 
Of more focus is semiconducting inorganic nanocrystals combined with 
semiconducting organics. Composites of semiconductor quantum dot (QD)29, 61, 62 and 
electroactive conjugated polymers (CP)61-63 have been the focus of intense study due to the 
unique and promising photophysical properties for use in optoelectronic devices.53, 64, 65 They  
are often prepared by physically mixing CP and QD or by constructing a CP/QD bilayer or 
CP/QD multilayer, in which only a small fraction of excitons, that is, the bound electron-hole 
pairs, are able to diffuse to the interface at which they are dissociated.32 By contrast, only a 
few elegant studies have been done on CP−QD nanocomposites, in which the CP is 
intimately tethered to the QD. Such direct attachment of the CP to the QD via ligand 
exchange with insulate surfactants,66-68 or direct growth from/onto the QDs’ surface27, 61 
affords a more controlled interface on a molecular scale and morphology, thereby allowing 
for efficient charge or energy transfer between these two constituents. For example, oligo-
(phenylene vinylene) was directly grown from [(4-bromophenyl)methyl]dioctylphosphine 
oxide (DOPO-Br)-functionalized CdSe QD for efficient energy transfer; suppressed blinking 
from the CdSe QD was observed.27, 69 Recently, the P3HT−CdSe nanocomposites were 
synthesized by directly grafting a comparatively long, vinyl-terminated regioregular P3HT 
onto (DOPO-Br)-functionalized CdSe QD surface via a mild palladium-catalyzed Heck 
coupling, dispensing with the need for ligand exchange chemistry.61 The charge transfer from 
P3HT to CdSe QDs  was observed, as confirmed by the emission spectra and fluorescence 
lifetime measurements.61  
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As quantum rods are more advantageous in optoelectronic devices due to reasons 
described previously (larger cross-sectional absorbance, decrease exciton hopping, etc.), 
current interest is combining quantum rods with conjugated polymers. Indeed, several groups 
have done so, with a quantum rod-P3HT solar cells reported in 200253 and branched CdSe 
nanocrystals with a poly(phenylene vinylene) derivative in 2003.70 However, these studies 
have been with blends of nanocrystals and conjugated polymer. One elegant study was 
conducted in Emrick’s group, incorporating vinyl-terminated P3HT attached to ligand 
functionalized CdSe nanorods.33 In this work, the functionalized nanorods were prepared 
through a ligand exchange, where the as synthesized pyridine-covered CdSe nanorods was 
refluxed in toluene with either a thiol based or phosphine oxide based ligand. 
Several fabrication techniques are widely used to make thin organized 
organic/inorganic composite films including spin coating, Langmuir-Blodgett (LB) 
depositions, and layer-by-layer (LbL) assembly.71 The only prior work of a photovoltaic 
device using semiconductor conjugated polymer−quantum dot (i.e., P7T−CdSe) 
nanocomposites as the active layer was done by Advincula.68 The P7T−CdSe 
nanocomposites were produced via substituting the pyridine-capped CdSe QDs for 2,3-
Di(5,5”-dihexyl-[2,2’;3’,2”]terthiophene-5’-yl)thiophenylphosphonic acid (P7T); i.e., a 
ligand exchange method. The thin film photovoltaic device was fabricated by spin-coating 
P7T−CdSe nanocomposites on the indium tin oxide (ITO) glass.68 Notably, the power 
conversion efficiency, PCE = 0.2% was obtained at the power of incident light, Pinc = 0.1 
mW/cm2, instead of commonly used Pinc = 100 mW/cm2, presumably due to the limited 
absorption capacity of thin photovoltaic device.  
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1.5. Nanocrystals on the air-water interface   
 To date, there are few reports of nanocrystal behavior on the air-water interface.72, 73 
Studies, however, have been conducted on the fluid-fluid interface, with one conducted on 
nanorod assembly at the oil-water interface.74 By utilizing self-assembly at interfaces, e.g., 
oil-water and air-water, two dimension organization can occur, providing a simple and 
effective route necessary for nanotechnology applications. For the air-water interface, one 
project, done with collaboration between Zhiqun Lin’s and Vladimir Tuskruk’s research 
groups, involved placing CdTe nanorods on the air-water interface. By decreasing the area 
for the nanorods and measuring the surface pressure, the Langmuir isotherm shown in Figure 
8 was obtained. As evidenced in the graph, a distinct transition point occurs at a pressure of 
approximately 25 mN/m. By creating Langmuir-Blodgett samples, the packing of the 
nanorods could be studied. In this, they found that the nanorods self-organized into “flowers” 
at low pressure (i.e., 3 mN/m), with eventual condensation into ribbon morphologies at 
higher pressures (i.e., 32 mN/m), with eventual network structure directly before monolayer 
collapse (i.e., 58 mN/m), shown in Figure 9.  
 
Figure 8 Langmuir isotherm for CdTe nanorods. 
  15 
 
Figure 9 TEM micrographs of CdTe nanorod formation at different pressures on the 
Langmuir trough: (a) 3 mN/m (b) 32 mN/m (c) 58 mN/m.73 
1.6. Research goals 
 Based on previous work, the work presented here focuses on the synthesis of 
semiconducting nanocrystals in distinct shapes for use in optoelectronic devices. Of 
important interest is the possibility of chemically tethering conjugated polymer to the as 
synthesized nanocrystals, i.e., creating nanocomposites, and dispensing with the need for 
ligand exchange chemistry. The distinct shapes and nanocomposites will be placed on the air-
water interface utilizing the Langmuir trough and Langmuir-Blodgett monolayer depositions. 
Additionally, optoelectronic applications in terms of photovoltaic cells will be investigated. 
  
b c a 
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CHAPTER 2. EXPERIMENTAL TECHNIQUES 
Fundamental and applied knowledge of nanoscale systems was cultivated via numerous 
methods. Unique in this work is the full spectrum of the research process, from synthesis to 
device fabrication. 
 
2.1. Synthesis 
While cadmium-based nanocrystals exhibit similar synthesis conditions, slight 
variations in the reaction conditions, precursors, and capping ligands allow for the different 
size and shape control of the nanocrystals. Chemicals were purchased from various sources, 
including Cambridge Laboratories, Fisher Scientific, PCI Synthesis, Sigma-Aldrich, Strem 
Chemicals, and TCI America. Unless otherwise noted, chemicals were used as received. 
 
2.1.1. DOPO-Br Ligand 
For functionality and ease of processing, a functionalized ligand was synthesized: [(4-
bromophenyl) methyl]dioctylphosphine oxide (DOPO-Br). To synthesize DOPO-Br, 3 part 
mole octylmagnesium bromide ether solution was pumped into a three-neck flask under inert 
atmosphere (i.e., argon). After placing an ice bath underneath the flask, 1 part mole of dibutyl 
phosphite was added dropwise with constant stirring. The ice bath was removed, and for 15 
minutes, the solution was allowed to warm to room temperature. Afterwards, a water solution 
of 25% v/v sulfuric acid was added dropwise to eliminate the butyl chain from the complex. 
Three extractions were conducted: first with standard faucet water, second with saturated 
sodium chloride water solution, and finally again with faucet water, adding additional diethyl 
ether as needed. After the extractions, the diethyl ether solution was evaporated. The product 
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was then dissolved in warm hexane, filtered with a warm funnel, and the solution was 
covered and left to recrystallize in the freezer overnight. 
The product, di-n-octylphosphine oxide, was filtered, rinsed with cold hexane, and 
allowed to dry. To create the functionalized bromine termination, a scaled reaction to 2.4 
grams of the product was created. In this, one part mole of the di-n-octylphosphine oxide 
(2.4g), one part mole 4-bromobenzyl chloride (2.0g), 0.11 mole tetra-n-butylammonium 
hydrogen sulfate (0.32g), 36 mL toluene, and 13 mL solution of 30% w/v sodium hydroxide 
were added in an Erlenmeyer flask. The flask was placed in an oil bath at 65°C overnight. 
The organic phase was separated, and three extractions occurred with the water phase with 
the addition of diethyl ether, adding the organic phase to the original. Afterwards, three 
extractions were conducted with the organic phase as above (i.e., faucet, saturated sodium 
chloride, and faucet water). After the final extraction, the solution was allowed to evaporate, 
and filtration and recrystallization were carried out as previously described. 
 
2.1.2. CdSe Quantum Dots 
DOPO-Br functionalized CdSe QDs were synthesized in standard air-free technique 
as follows. 50 mg of cadmium acetate (Cd(OAc)2), 160 mg of hexylphosphonic acid (HPA), 
0.93 g of hexadecylamine (HDA), and 1.5 g of DOPO-Br were degassed at 120 °C in a three 
neck flask, to which a Liebig condenser was attached. With constant stirring, the solution 
was heated to 270°C under argon. Next, 1.2 mL of Se-trioctylphosphine (TOP) stock 
solution, made by dissolving 0.4 g of Se in 8 g of TOP, was swiftly injected. By altering the 
growth time, the size of CdSe QDs was readily controlled. The final product was dissolved in 
chloroform and precipitated twice by adding a minimum amount of methanol. 
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2.1.3. CdSe Quantum Rods 
To obtain DOPO-Br functionalized CdSe quantum rods, Alivisatos’ method was 
modified,75 again with standard air-free techniques. To obtain the CdSe rods, 710 mg n-
tetradecylphosphonic acid (TDPA), 160 mg HPA, 3.00 g DOPO-Br, and 200 mg cadmium 
oxide (CdO) were degassed in a three-neck flask at 120°C for one hour. Afterwards, the flask 
was slowly heated until the CdO decomposed and the solution turned colorless, 
approximately 260-280°C. 1.5 g (1.8 mL) of TOP was added, and the temperature was 
increased to 300°C. Se-TOP solution, made by dissolving 73 mg Se in 416 mg of TOP, was 
quickly injected with the particles allowed to grow for 5 minutes, after which heat was 
removed. Upon reaching 70°C, 3-4 mL toluene was added. The nanocrystals were 
precipitated twice with minimal amount of isopropanol and redissolved in toluene or 
chloroform for subsequent studies.  
 
2.1.4. CdTe Tetrapods 
To obtain CdTe tetrapods, it was found that modifying Korgel’s method for CdTe 
nanorods76 in two different ways produced tetrapods in our lab. In one way, 0.114 g CdO, 
0.43 g TDPA, and 7 g trioctylphosphine oxide (TOPO) were degassed in a three-neck flask 
for one hour at 120°C before increasing the temperature to above 300°C, where the CdO 
decomposed and the solution turned clear. The temperature was decreased to 290°C, and 0.5 
mL Te-TOP solution, made by dissolving one mmol Te in 5 mL TOP, was injected. After the 
initial injection, the temperature was increased to 300°C and subsequent 0.5 mL Te-TOP 
solution was injected every two minutes with the width of the arms controlled by the number 
of injections. In this work, the total number of injections was 10; after which, heat was 
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removed. The nanocrystals were precipitated twice with ethanol and dissolved in hexane or 
chloroform. 
The second method had 0.114 g CdO, 0.43 g TDPA, and 3 g TOPO, increasing the 
concentration of the Cd-TDPA complex. After degassing and decomposing the CdO as stated 
above, the temperature was reduced to 260°C. The first injection of the Te-TOP, same 
concentration as above, was allowed to grow in reaction flask until the solution went from 
clear to dark brown, indicating CdTe nucleation, approximately three minutes. Afterwards, a 
slow injection of 4 mL Te-TOP solution occurred over the course of two minutes, with the 
CdTe nanocrystals allowed to grow for an additional five minutes. Thus, the total time for 
nanocrystal growth, starting at the initial injection, was ten minutes. The nanocrystals were 
purified as stated in the preceding paragraph. 
 
2.1.5. P3HT and P3HT/DOPO-Br Coupling 
Regioregular poly-(3-hexylthiophene) (P3HT) was synthesized via a collaborator 
through a quasi-living polymerization. Additionally, P3HT was functionalized to include a 
vinyl terminated end through a modified Grignard metathesis reaction. To couple with a 
DOPO-Br ligand on a nanocrystal, a mild Heck coupling took place. Loaded in a reaction 
vial were 1 mg tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3), 10 mg vinyl terminated 
P3HT and approximately 20 mg DOPO-Br functionalized nanocrystals. The vial was then 
vacuumed and filled with argon. Sequentially, 0.08 mL n-methyldicyclohexylamine, 0.06 mL 
tri-t-butylphosphine tetrahydrofuran (THF) solution (concentration = 0.1 g/mL), and 0.5 mL 
THF were inserted. The vial was kept under argon environment, stirring, and placed in a 
50°C oil bath for 20 hours. The resulting nanocomposites were precipitated with minimal 
  20 
amounts of ethanol, diluted as necessary, and redissolved in an organic solvent (e.g., 
chlorobenzene). 
 
2.2. Sample Preparation 
For meaningful results and conclusions, all substrates and glassware associated with 
any study needs to be free of contaminates. This is especially true for studies with 
nanocrystals or Langmuir isotherms, as the individual components studied are on the same 
order as any contaminate. As such, great care was taken in handling all equipment, keeping 
clean items from contamination as well as thorough cleaning of all vessels and substrates. 
 
2.2.1. Substrates  
Two prepared substrates were utilized in this work: silicon wafers and indium tin 
oxide (ITO) coated glass. Highly polished silicon wafers with an orientation of [111] were 
purchased from Okmetic and cut into rectangular pieces, approximately 1 x 3 cm2. The 
wafers were then rinsed with NanoPure water and blown with dry nitrogen to remove any 
silicon dust. The cut pieces were then immersed in sulfuric acid with NoChromix® oxidizer, 
manufactured by Godax Laboratories, for a minimum of six hours. Afterwards, the wafers 
were rinsed a minimum of three times with NanoPure water, blown dry with nitrogen, and 
kept in sealed, clean vials until used. 
Indium tin oxide (ITO) coated glass was patterned by covering a 5 mm strip with 
electrical tape and placing it in a 50% hydrochloric solution. Zinc metal was then dusted on 
the surface; after approximately one minute, the exposed ITO was dissolved. The tape was 
removed, and the glass went through a four part cleaning process. First, the cut glass was 
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sonicated for a minimum of 30 minutes in a 1:4 ethanol amine - water solution. Subsequent 
solvents were acetone, isopropanol, and methanol, each sonicated for a minimum of 30 
minutes. The clean ITO coated glass was blown dry with nitrogen and kept in sealed, clean 
vials until used. 
Additionally, transmission electron microscopy (TEM) grids were used as substrates 
in some Langmuir-Blodgett depositions, allowing the discernment of the particle packing 
behavior. The TEM grids were carbon coated 400 mesh copper grids, supplied by Electron 
Microscopy Sciences. The TEM grids were kept in their storage case and used as received. 
 
2.2.2. Glassware 
To ensure contamination-free products, all glassware was diligently cleaned. First, if 
any organic residue was present, the glassware was rinsed with dichloromethane. After 
rinsing with water, the glassware was placed in a saturated base bath, made by dissolving 
sodium hydroxide in isopropanol, for a minimum of 12 hours. Afterwards, the glassware was 
rinsed thoroughly with NanoPure water and placed in an oven at temperature of at least 
100°C until dry. Due to precise control of conditions necessary for nanoparticle synthesis, 
synthesis vessels, e.g., three-neck flasks, condensers, etc., were placed in a desiccator to 
prevent water from condensing on the glassware during cooling, thus preventing the 
inadvertent introduction of water vapor to the nanoparticle reactions.  
 
2.3. Instrumentation 
For identification and characterization, numerous instrumentation techniques are 
available. Of these, the most accessible and informative were utilized, mainly transmission 
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electron microscopy, nuclear resonance spectroscopy, ultraviolet-visible spectroscopy, 
atomic force microscopy, Langmuir isotherms, Langmuir-Blodgett depositions, 
thermogravimetric analysis, and optical microscopy. In addition, constructed photovoltaic 
devices were tested by measuring the current-voltage characteristics. 
 
2.3.1. Transmission Electron Microcopy (TEM) 
Transmission electron microscopy (TEM) was utilized to investigate nanocrystal size 
and shape as well as polymer domain size due to the spatial resolution limitations of optical 
microscopy and scanning electron microscopy (SEM). Additionally, surface conductivity 
requirements of the SEM result in more extensive sample preparation. Thus, TEM is 
advantageous for its high resolution and thin film sample preparation. While lack of phase 
contrast in polymer requires labeling or dyeing to discern, inorganic nanoparticles require no 
special preparation due to their electron densities. 
Imaging was conducted on a JEOL 1200EX scanning transmission electron 
microscope (STEM) operated at 80 kV. In a typical setup, the solute of interest, e.g., 
nanocrystal or nanocomposite, was dissolved in an appropriate volatile solvent, e.g., hexane, 
toluene, or chloroform. The solution was drop cast onto a TEM grid, after which, the solvent 
was allowed to evaporate. The TEM grids used were 400 mesh copper grid with carbon 
coating, supplied by Electron Microscopy Sciences. 
 
2.3.2. Nuclear Magnetic Resonance (NMR) 
Nuclear Magnetic Resonance (NMR) is a useful tool in determining chemical 
composition and well as verifying the attachment of molecules. Under no external magnetic 
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field, nuclei with a magnetic moment, i.e., spin > 0, have no energetically favorable direction 
for their spin. By applying a magnetic field, one orientation will be favored over another. If 
an electromagnetic wave having the energy of the difference between these states is applied, 
the molecule can absorb the wave. This leads to a resonance where both states, assuming a 
one-dimensional applied magnetic field, are the same energetically. These resonance signals 
are detected by NMR. Classically, the electromagnetic wave frequency is held constant while 
the current applied to the electromagnet is varied, thus changing the applied magnetic field. 
Different local environments for the nuclei produce different resonance frequencies due to 
the shielded or de-shielded magnetic field by the surrounding atoms. 
NMR spectroscopy was done on a Varian VXR-300 for 1H NMR and a VXR-400 for 
31P NMR. Typically, a small amount of product was placed in a five millimeter NMR tube. 
For 1H NMR, a small amount (i.e., 1-2 drops) of deuterated chloroform with 1% v/v 
tetramethylsilane, TMS was placed in the tube. The remaining volume was then filled with 
deuterated chloroform without TMS, due to the increased efficiency of NMR detecting the 
TMS. TMS is utilized as a reference in the 1H spectra. 
 
2.3.3. Ultraviolet-visible Spectroscopy 
Measuring the optical properties, i.e., absorption and emission, of molecules provides 
insight into their size and shape. In absorption measurements, incident light is selectively 
refracted, exposing the sample to one wavelength at a time. By comparing the molecule 
solution to the pure solvent, intrinsic wavelength versus absorption spectra can be obtained. 
Additionally, when electrons in semiconductors are excited with energy greater than the 
semiconductor band gap, the electrons relax by emitting photons at a wavelength of the band 
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gap. This is due to the band theory of electrons where electrons can reside only in certain 
states. By measuring the wavelength of light emitted, the band gap can be readily determined 
by equations 1-3 previously mentioned. By replacing h and c in Equation 3 with their 
corresponding values, the final equation results in 
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when λ is measured in micrometers (µm) and E is reported in electron volts (eV).  
In this work, absorption and some emission spectra were obtained via a homemade 
UV-vis spectrometer. Other emission spectra were obtained with a Nikon Eclipse TE2000-E 
microscope coupled with optical insights hyperspectral unit and a Cascade 512B camera, 
manufactured by Roger Scientific. 
 
2.3.4. Atomic Force Microscopy (AFM)  
Atomic force microscopy (AFM) provides topographical information on substrate 
samples. To accomplish this, a nanometer scale probe attached to a cantilever tip is scanned 
across the surface in an X-Y raster pattern. The size of the raster pattern is on the micrometer 
scale and can be tuned for improved resolution. A laser bean is focused on the back of the 
probe and is reflected onto a quartered photosensitive detector. The computer program 
monitors the laser position and adjusts the cantilever for a constant force on the probe. 
Additionally, the program converts the difference in height into topographical features, 
outputted on the computer monitor. 
While there are many operating modes of the AFM, all work here was done in the 
tapping mode. Tapping mode is often utilized on samples that would be damaged in the more 
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conventional contact mode, where the tip is dragged across the sample in constant contact; 
such samples are often soft or unstable. In tapping mode, the tip is oscillated near the 
cantilever’s resonant frequency and brought near the sample surface. Upon hitting the sample 
surface, the oscillations are reduced by the energy loss between the tip and sample. 
Additionally, the tip is deflected by changes in surface height of the sample, causing the 
reflected laser to move on the photodiode detector. This movement is recorded and the 
difference between the laser orientation taken as vertical height change. This change is 
displayed as contrast on two dimensional images; additionally, it could be rendered three-
dimensional via the computer software. 
Another advantage with tapping mode, aside from not damaging soft samples, is the 
additional information obtained from the phase image. While tapping, the tip could pass over 
a different phase, for example, passing from a crystalline region to an amorphous one. If 
there is no height change between the phases, using conventional contact mode would have 
one of two outcomes: in constant height feedback, the AFM would not register a difference; 
in constant force feedback, the AFM would register the phase change as a change in height. 
However, in tapping mode, the interactions between the oscillations and the sample phases 
change. The computer software monitors the phase shift in the oscillations, providing 
contrast when different interactions occur. Often, morphological changes can be seen with 
better resolution in the phase images. 
For this work, AFM images were taken in tapping mode on a Dimension 3000 
(Veeco). All images were in the “light” tapping regime as to not damage the thin film 
sample. This was accomplished by using low normal forces while scanning. BS-tap300 tips 
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(Budget Sensors) with spring constants ranging from 20 to 75 N m-1 were used as scanning 
probes. Scan rates were kept between 0.6 and 1.1 Hz for all imaging. 
 
2.3.5. Langmuir Isotherms & Langmuir-Blodgett Depositions 
To probe the molecular size and properties of particles on the air-water interface, 
Langmuir isotherms were conducted. This technique can be utilized to construct mono- or 
multilayer films where each layer is typically the size of one molecule. Thus, this technique 
allows for the investigation of the molecules on substrates as well as on the air-water 
interface. In this, a small amount of hydrophobic or amphiphilic molecules are place on a 
water subphase in a hydrophobic Teflon trough of known area. The trough either has one or 
two moveable barriers that can compress the surface film while the water subphase can move 
underneath the barriers. On the water subphase, hydrophobic groups attempt to remain in the 
air while hydrophilic groups remain in the water, providing a balance that keeps amphiphilic 
molecules at the interface. With hydrophobic particles, e.g., nanocrystals capped with 
hydrophobic ligands, the hydrophobic nature keeps the particles from entering into the water 
subphase.  
Langmuir isotherms, pressure – area, pi – A, are created by recording the surface 
pressure versus area per molecule. Molecular and particle reorganization occurs on the 
trough during compression. Initially, molecules are at a dilute concentration where no 
interaction occurs between them, thus in the “gas” and disordered state. As the barriers 
compress, the molecules start to interact as a result of the reduced surface area, decreasing 
the cross-sectional area allotted per molecule. The molecules enter the “liquid” phase where 
initial ordering can start to occur. Hydrophobic chains that were initially laying on the 
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surface are now pushed slightly upwards, causing an increase in surface pressure. Upon 
further compression and reduction in surface area, the film is compressed into the condensed 
“solid” state with close-packing of the molecules, creating a sharp rise in surface pressure. 
Further compression at this state will cause the monolayer film to collapse, where the film 
buckles and molecules start sliding over each other. This creates a multilayer of the 
molecules with no control of the packing. 
To obtain a monolayer Langmuir-Blodgett (LB) deposition, a clean substrate is 
submerged vertically in the trough prior to the addition of the molecules. Upon reaching the 
desired surface pressure, the barrier speed is decreased and the substrate is lifted from the 
liquid subphase. During deposition, the surface pressure is monitored and the barrier speed 
adjusted to keep the pressure constant. A meniscus of water forms between the subphase and 
substrate. As the substrate is withdrawn, the surface tension of the water keeps the water 
from adhering to the substrate. As such, a monolayer deposition of the solute occurs on the 
substrate, preserving the packing at the particular surface pressure. 
Langmuir isotherms and LB depositions were conducted on an R & K-1 trough 
(Riegel & Kirstein, GmbH). Before an experiment, the trough was rinsed a minimum of three 
times with NanoPure water with resistivity of 18.2 MΩ-cm. For thorough cleaning, e.g., 
switching solute systems, a 1:1 ratio hydrogen peroxide: ammonium hydroxide was utilized 
to oxidize any remnant solute. After a thorough cleaning, the trough was rinsed a minimum 
of five times. In a typical experiment, the solute (e.g., nanorods, nanocomposites, etc.) was 
dissolved in either chloroform or chlorobenzene at a known concentration. Between five and 
ten uniform drops, totaling 30-60 µL, were placed gently the NanoPure water subphase, as to 
keep the solute confined on the air-water interface. After complete solvent evaporation, 
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typically 30-45 minutes, Langmuir isotherms were recorded while the surface was 
compressed at a rate of 150 µm/s. For LB depositions, the pressure was held constant while 
lifting the clean substrate from the water subphase at a rate of 35 µm/s. 
 
2.3.6. Thermogravimetric Analysis (TGA) 
Thermogravimetric Analysis (TGA) is a useful testing technique in determining 
weight loss of a sample over a temperature regime. Typically, TGA utilizes a high precision 
balance and temperature control in order to accurately differentiate weight loss curves. The 
sample is loaded on the balance, usually platinum, and the furnace chamber purged with inert 
gas, e.g., argon or nitrogen, prior to the experiment. During the experiment, weight loss 
versus temperature is recorded. In this work, a TA Instrument TGA Q50 was utilized to 
determine grafting density of polymer chains on a nanocrystal. To do this, individual TGA 
runs were done on all individual components to identify the corresponding weight loss 
segment on the composite curve. From this, mathematical operations and analysis can be 
conducted to determine the grafting density. 
 
2.3.7. Optical Microscopy 
 Optical microscopy was taken on some LB samples that exhibited unique packing 
with a dense networking structure. These images were taken on an Olympus BX51 in 
reflection mode on the LB monolayer deposited on silicon wafers, thereby utilizing the same 
sample for both optical microscopy and AFM work. 
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2.3.8. Photovoltaic Testing 
 Photovoltaic devices were fabricated, with exact fabrication described in later 
chapters. To test device performance, current-voltage, I-V, curves were recorded under 
device illumination. Illumination was obtained with a solar simulator at air mass 1.5 global, 
AM 1.5G, illumination. AM 1.5G illumination is a reasonable average of the solar spectrum 
of the 48 contiguous states over a year. This illumination provides a standard to test 
photovoltaic cells (ASTM G173), providing an incident light power of approximately 100 
mW/cm2. 
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Figure 10 Theoretical photovoltaic device performance (black) and power 
density (red). Blue shaded region is the fill factor. 
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In testing, the voltage was applied to the leads of the device and swept from 0.1 to 1.1 
volts while measuring the current. Conventionally, the current is displayed in current density, 
allowing for easy comparison between devices of different size, as well as negative. From the 
resulting I-V curve, the short-circuit current density, JSC, and open-circuit voltage, VOC, can 
be determined at the point where the measured curve crosses the current density axis and 
voltage axis, respectfully. Power density is defined as the product of the current density and 
voltage through the device. As such, the power density of the device can be calculated, with a 
maximum (shown as a minimum) occurring as shown in Figure 10. The device fill factor, 
FF, can be determined via  
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where Jm and Vm are the current density and voltage at maximum power, respectfully, with 
Pm the maximum power density. For the theoretical photovoltaic device shown in Figure 10, 
the fill factor is visually depicted in the shaded region. Clearly, having a device with a 
“square” I-V curve will have a higher FF. However, FF does not translate directly to device 
efficiency. Efficiency, η, is calculated by  
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where Pinc is the incident power density. By substituting in FF, the corresponding equation 
results: 
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For this study, the current-voltage (I-V) curves were recorded using a Keithley 2400 
multisource meter illuminated with a solar simulator at room temperature.  
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3. QUANTUM DOT-CONJUGATED POLYMER NANOCOMPOSITES 
Organic−inorganic nanocomposites consisting of electroactive conjugated polymer, poly(3-
hexylthiophene) (P3HT) intimately tethered on the surface of semiconductor CdSe quantum 
dot (i.e., P3HT−CdSe nanocomposites) were explored for the first time at the air-water 
interface formed via Langmuir isotherms. The P3HT−CdSe nanocomposites displayed a high 
pressure plateau (~10.5 mN/m) in the Langmuir isotherm, illustrating their complex packing 
at the air-water interface. The packing of the Langmuir-Blodgett (LB) depositions of 
nanocomposites was revealed by AFM measurements. Furthermore, photovoltaic devices 
fabricated from the LB depositions of the P3HT−CdSe nanocomposites exhibited a relatively 
high short circuit current, ISC, while maintaining a thin film profile. These studies provide 
insights into the fundamental behaviors of semiconductor organic−inorganic nanocomposites 
confined at the air-water interface as well as in the active layer of an organic-based 
photovoltaic device. 
 
3.1. Experimental 
P3HT-CdSe nanocomposites were synthesized as described in earlier sections and 
previously reported.28 Briefly, 3.5 nm CdSe QD functionalized with [(4-bromophenyl) 
methyl] dioctylphosphine oxide (DOPO-Br) were coupled with vinyl-terminated poly(3-
hexylthiophene) (P3HT) (MW = 2,404 g/mol, PDI = 1.12). The CdSe QD was grafted with 
22 P3HT chains as determined by thermogravimetry analysis (TGA). The resulting 
nanocomposites were precipitated twice with minimal amount of methanol, centrifuged, and 
dissolved in chlorobenzene (concentration, c = 0.2 mg/mL). 
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Langmuir isotherms and LB depositions of the P3HT CdSe nanocomposites were 
conducted as described earlier. For this study, complete evaporation of the chlorobenzene 
occurred after approximately 45 minutes. Tapping mode AFM images were done on the LB 
depositions in the “light” tapping regime. 
LB multilayers of the P3HT−CdSe nanocomposites were utilized in the fabrication of 
a photovoltaic device. Clean ITO glasses were withdrawn from the water subphase, allowed 
to dry, dipped back into the subphase at the same speed, withdrawn, and repeated once more 
for a total of 5 withdrawing-dipping cycles. Highly polished [111] Si wafers were cut into 
rectangular pieces and aluminum strips (2 mm wide) were evaporated onto the wafers for use 
as the back electrode (Al-coated Si). The Al coated face was pressed on the P3HT−CdSe 
multilayers, annealed for one hour at 120° C under Ar, and sealed. The current−voltage (I−V) 
curves were recorded on the devices are described earlier. 
 
3.2. Results and Discussion 
The molecular weight of P3HT was 2,404, corresponding to approximately 14 repeat 
units for a chain length of roughly 10.4 nm, given that the length of a single thiophene repeat 
unit is 0.74 nm.61, 77 This is relatively longer than the effective conjugation length, which is 
approximately 9-10 repeat units.78, 79 The regioregularity was previously confirmed to be 
greater than 94%, as determined by 1H-NMR.61 The P3HT chains can be considered as rigid 
rods, at least initially, i.e., in dilute solutions or before compression in LB trough. This is due 
to the low molecular weight as well as the rigid backbone characteristic of P3HT. In this 
regard, the P3HT chains cannot easily collapse on the CdSe surface to form a dense shell 
layer, as is the case in flexible homopolymers, with the P3HT−CdSe nanocomposites being 
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viewed as a “crouched hedgehog”. Thus, the resulting diameter of the spherical 
nanocomposites is approximately 24.3 nm (i.e., two 14 x 0.74 = 10.4 nm long P3HT chains 
and a 3.5 nm CdSe QD). 
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Figure 11 Pressure–area isotherm of the Langmuir monolayer of P3HT−CdSe 
nanocomposites. Single isotherm (black curve) and reversibility study (red curve). The 
extrapolation of the intial rise in pressure from 0 to 10 mN/m yielded the initial area, A1. The 
limiting surface area, A0, was obtained from the extrapolation of the sharp rise in pressure 
from 13 mN/m to monolayer collapse. The inset shows the pressure increase during the 
compression from 450 to 50 nm2/molecules; at the pressure of 10.5 mN/m, the P3HT chains 
twisted at the conjugation length, forming interchain pi-pi stacking (Figure 12b). 
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Figure 11 depicts a typical Langmuir isotherm (black curve) as well as a reversibility 
study, i.e., compressing to 10 mN/m corresponding to 400 nm2/molecule in area, expanding, 
another compression/expansion cycle, and then continuing to monolayer collapse (red curve). 
It is clear that during initial packing (i.e., from 0 to 10 mN/m), the nanocomposites exhibited 
complete reversibility; compared the black curve with the red curve, the slight hysteresis can 
be attributed to the water subphase evaporation. From the isotherm, the initial area, A1, can 
be determined by extrapolating the initial rise in pressure, i.e., from 0 to 10 mN/m, while the 
limiting surface area, A0, was calculated from the extrapolation of the sharp rise in pressure 
when the nanocomposites are in the condensed monolayer state, i.e., from 13 mN/m to 
monolayer collapse.  The initial area A1 was found to be 686 nm2, corresponding to a 
diameter of 29.5 nm, agreeing well with the above prediction of 24.3 nm.   
The small discrepancy between the measured (29.5 nm) and the predicted (24.3 nm) 
diameters can be attributed to the following two factors. First, the P3HT chain was coupled 
to the DOPO-Br on the CdSe QD surface. The size of DOPO-Br was not included in the 
estimation of the QD size in the TEM measurements. Second, the P3HT−CdSe 
nanocomposites were spherical in shape, voids would inevitably be present in the 
nanocomposite monolayer due to the incomplete packing of rigid P3HT chains at low 
pressures (Figure 12a), resulting in an overestimation in the initial area, A1. The hexyl side 
chains on P3HT from the neighboring nanocomposites may protrude beyond the thiophene 
unit length and interact one another, leading to the rise in pressure (Figure 12a).  
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Figure 12 Schematic illustration of packing of the Langmuir monolayer of P3HT−CdSe 
nanocomposites at the air/water interface. The conjugation length of P3HT is approximately 
10 thiophene units (black units) with the remaining denoted by the red units in (b) and (c). (a) 
The initial area, corresponding to the initial rise in pressure, in the isotherm (cont.. next page) 
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(Figure 12 caption, cont.) may be attributed to the interaction of the hexyl side chains in 
P3HT as well as the voids in the monolayer due to the spherical shape of the 
nanocomposites. (b) As area decreased during the compression, the P3HT chains bent and 
folded at the conjugation length. (c) Further decrease in area resulted in the interdigitation of 
P3HT chains from adjacent nanocomposites, causing a sharp rise in pressure and eventual 
monolayer collapse.  
The slight increase in pressure, shown in the inset in Figure 11, around an area of 263 
nm2, corresponded to a nanocomposite diameter with the P3HT chains bent or folded at their 
conjugation length of 9-10 repeat units (i.e., pi(D/2)2 = pi[(3.5 + 0.74 x 10 x 2)/2] 2 = 262.9 
nm2). As the monolayer was compressed, the P3HT chains from different nanocomposites 
can form pi-pi stacking readily with the final 4-5 repeat units (red units), with the remaining 9-
10 units (black units; the conjugation length) retaining rigid.78, 79 This is due to the already 
twisted backbone of the final repeat units (i.e., out-of-plane units), allowing the ease of 
further twisting (i.e., bending or folding) upon compression. Some chains may have the 
direct pi-pi stacking (lower right close-up in Figure 12b), the others may bend slightly at the 
conjugation length to accomplish pi-pi stacking due to the direct attachment and rigidity of the 
P3HT chains (upper right close-up in Figure 12b). Once the chains reached the conjugation 
length, continuing compression of the monolayer resulted in an increased pressure as the 
P3HT chains can no longer easily bend. This compression led to a jump in pressure and 
pushed the nanocomposites into the condensed monolayer state and eventual monolayer 
collapse.   
 Taken from the isotherms, the limiting surface area, 
corresponding to a nanocomposite diameter of 11 nm. Quite intriguingly, this diameter 
coincided well with the CdSe QD core (3.5 nm) 
long, which is half the conjugation length (3.5 + 2 x 5 x 0.74 = 10.9 nm; altern
center to center distance between CdSe cores is 3.5/2 + 10 x 0.74 + 3.5/2 = 10.9 nm).
led to the proposal that the P3HT chains did not bend or fold beyond the conjugation length 
of 9-10 repeat units but rather 
interchain pi-pi stacking to minimize the energy of the P3HT chains
were only 22 P3HT chains bound to the CdSe surface,
polymer chains to penetrate and push against the CdSe core of adjacent nanocomposite. Once 
the chains reached the QD, the nanocomposites cannot compress anymore, causing a sharp 
rise in pressure and eventual monolayer collapse (Figure 
Figure 13 Representative AFM height images of 
nanocomposites at the compression pressure of 10.5 mN/m. 
Scan size = 2 µm.   
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AFM imaging was performed on the LB deposition samples taken from pressures of 
5, 10.5, and 15 mN/m on ITO. Two representative AFM height images of a nanocomposite 
monolayer formed at 10.5 mN/m are shown in Figure 13. For the 20 µm scan, the RMS 
roughness was found to be 3.821 nm; the 2 µm scan had an RMS roughness of 4.686 nm.  
Due to the length of the P3HT chains, only 14 repeat units, and it being intimately 
connected to the QD, no long fiber-like morphologies were observed at any of the pressures. 
Instead, spherical nanocomposites can be seen at all pressures. The size of the 
nanocomposites measured laterally from the AFM images agreed with the area given by the 
Langmuir isotherm (Figure 13b). The thickness of the nanocomposites was determined by a 
scratch test on the 10.5 mN/m sample, yielding 11 nm. Clearly, the hydrophobic P3HT 
chains partially collapsed on the surface after the ITO substrate withdrawal. With the 
hydrophilic CdSe core and assumed uniform coverage of the P3HT chains, the chains that 
were attached below the core collapsed on the core surface in the water subphase due to their 
hydrophobicity. When the ITO substrate was removed from the trough, the CdSe core was 
situated on a layer of collapsed P3HT chains; the remaining chains were still rigid with the 
only bending or folding occurred at the conjugation length, i.e., 3.5 nm CdSe core + 7.4 nm 
10-unit P3HT = 10.9 nm thick, correlating well with the 11 nm thickness value measured 
experimentally. Figure 13b shows that upon compression and substrate withdrawal, most 
individual nanocomposites remained distinct in terms of the shape of the nanocomposites and 
the boundary between adjacent nanocomposites, with a few having an oblong profile. This 
profile may be a result of two or more nanocomposites partially interdigitating. 
The complex packing behavior of the CdSe-P3HT nanocomposites is intriguing, and 
further investigations would be ideal to confirm the structural conformation of the P3HT. 
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Transmission Electron Microscopy (TEM) would be ideal, as a LB film could be produced 
directly onto the TEM grid at the desired pressure. Unfortunately, due to the low electron 
density of the P3HT chains compared to the CdSe core to which it was intimately connected, 
the chain packing could not be observed in any imaging. Additionally, UV-Vis 
measurements could only be utilized if the CdSe-P3HT nanocomposite film could be 
removed from the substrate. At only 11 nm thick, the film is not structurally stable to be 
removed. One method that would be ideal is X-ray scattering on the LB trough. 
Unfortunately, this setup was not available.  
It is worth noting that although the P3HT−CdSe nanocomposites maximized the 
interface between the electron-donating P3HT and electron-accepting CdSe (i.e., p-n 
junction) and provided fast exciton dissociation, which are favorable for photovoltaic 
devices, no direct percolation between the CdSe QDs and the electrodes existed in spin-
coated nanocomposite films. As a result, we observed a quite low photovoltaic performance 
of a spin-coated P3HT−CdSe film (PCE = 0.003%), similar to a pure P3HT film. To this end, 
LB depositions were utilized in the fabrication of a thin photovoltaic device to possibly 
achieve a direct pathway for CdSe QDs, as illustrated in Figure 14a. Although directly 
evaporating Al onto the LB film would provide a better contact between the Al electrode and 
the active layer and thus improving the device performance, the Al coated Si was used as the 
back electrode because the direct evaporation of Al always caused a device short. This can be 
explained due to the presence of nanoscopic voids in the monolayer as a consequence of the 
spherical nanocomposite packing described above (Figures 12 and 13), allowing the 
evaporated Al to be in direct contact with the ITO substrate. 
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Figure 14 (left) Cross-sectional view of a multilayer (i.e., five monolayers) photovoltaic 
device. The ITO substrate was dipped into the LB trough repeatedly for five times, 
depositing the P3HT−CdSe nanocomposites. The majority of P3HT chains folded at the 
conjugation length, with a few hydrophobic P3HT chains under the CdSe core collapsing to 
the CdSe surface while in the water subphase, yielding a 30 nm thick film. Al was evaporated 
onto a Si substrate and pressed on the 30 nm thick active layer. The resulting device was 
annealed at 120 °C for one hour. (right) The current-voltage characteristic of the LB 
fabricated photovoltaic device (dashed line: in the dark; solid line: under illumination). 
The photovoltaic device performance of LB multilayers of nanocomposites under AM 
1.5G illumination (the power of incident light, Pinc = 100 mW/cm2) is shown in Figure 14b. 
The AFM scratch tests of the 5-cycle multilayer deposition yielded an active layer thickness 
of approximately 30 nm, clearly indicating that the P3HT chains must collapse forming the 
pi-pi stacking in order to accommodate 5 layers of the nanocomposites, shown schematically 
in Figure 15. This is in contrast to a linear LB deposition, where the resulting 5 layer 
structure would be approximately 50 nm (i.e., 5 layers x 11 nm for each layer). In 
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explanation, the P3HT chains protruding from the CdSe core interacted with the P3HT chains 
attached to CdSe-P3HT nanocomposites on the LB trough, producing pi-pi stacking in the 
final film. This pi-pi stacking favorably reduced the intrinsic energy of the film while packing 
the nanocomposites tighter. Additionally, the pi-pi stacking allowed for the interaction 
between polymer chains of different nanocomposites, thereby providing a direct pathway for 
the holes to the electrode (Figure 14a). From the I−V curve, the short circuit, ISC = 1.95 
mA/cm2, and the open circuit voltage, VOC = 0.141 V can be obtained. Accordingly, the fill 
factor, defined as the ratio of maximum output power to input power,    !
"#$%#
n be 
calculated to be 27.0%, where Imax and Vmax are the current and voltage at maximum output 
power. Thus, &  "#·$%#·((
)*+,
 was 0.08%.  
The low performance can be rationalized as follows. First, the ultrathin photovoltaic 
device (i.e., a multilayer film of 30 nm thick) had relatively high ISC, while the VOC was low. 
This indicated that the contact between the active layer and the Al electrode was not perfect, 
Figure 15 Schematic illustration showing the packing of the CdSe-P3HT nanocomposites 
during multiple depositions. 
  42 
despite the fact that the as-prepared photovoltaic device was annealed at 120 °C, which was 
well above the Tg of P3HT yet below its decomposition temperature.80 It was originally 
anticipated that the thermal annealing would improve the device performance by allowing the 
P3HT chains to form the pi-pi stacking between chains as well as facilitating the contact with 
the Al electrode;81, 82 thus, apparently, the temperature employed, 120 °C, cannot create a 
high-quality contact between Al and the active layer. Second, the 30-nm thick active layer 
results in low light absorption and thus low PCE. Third, as noted above, a thin layer of 
collapsed P3HT were present between the ITO electrode and the CdSe core; however, with 
the grafting density of 22 P3HT chains, only a small portion of the core was blocked due to 
the P3HT with the remaining CdSe contacting the ITO. Thus, the hydrophilic n-type CdSe 
core was deposited on the hole-conducting ITO electrode while the electron-conducting Al 
electrode was pressed on the collapsed p-type P3HT, since the ITO glass was employed as 
the LB substrate (Figure 14a). For increased performance, the CdSe core should be in contact 
with the Al electrode for efficient electron collection while the P3HT chains are in contact 
with the ITO electrode for efficient hole collection. We note that in attempting LB deposition 
on the Al-coated Si with ITO pressed on the P3HT−CdSe multilayers, the device exhibited a 
dramatically decreased performance. This can be attributed to the insulating Al2O3 growth on 
Al that occurred after removal from the inert Ar glove box environment. The final reason 
responsible for the low photovoltaic performance may be the lack of hole-conducting 
poly(3,4-ethylenedioxythiophene) (PEDOT) coating on the ITO electrode. A PEDOT-coated 
ITO substrate could not be utilized due to the solubility of the PEDOT in the water subphase, 
since the substrate was to be withdrawn from the LB trough. In the studies of using the Al-
coated Si as the LB substrate, PEDOT was spin-coated on the ITO substrate; however, as 
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noted earlier, the formed insulating Al2O3 layer on the Al surface decreased the overall 
performance of the resulting photovoltaic device. 
In summary, semiconductor P3HT−CdSe nanocomposites at the air/water interface 
formed via Langmuir isotherms were explored for the first time. The size of the 
nanocomposites determined from the Langmuir isotherms agreed well with the prediction. 
The packing of the nanocomposites was complex with the P3HT chain folding and bending 
most easily at its conjugation length but did not fold nor collapse beyond that length. AFM 
measurements on the nanocomposite monolayer showed distinct nanocomposites on the 
substrate with most retaining the spherical shape. Photovoltaic devices fabricated from five 
LB deposition cycles of the P3HT−CdSe nanocomposites, approximately 30 nm thick, 
exhibited a relatively high short circuit current, ISC, while maintaining an ultrathin film 
profile, yielding a PCE of 0.08%. On the basis of these results, we envision that improved 
photovoltaic performance may be achieved by introducing QDs into CP−QD nanocomposites 
via formation of a better percolation for charge transport. This work is currently under 
investigation.  
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4. TETRAPODS ON THE AIR-WATER INTERFACE 
CdTe tetrapods were synthesized with varying aspect ratios from the same batch through 
multiple injections of the Te precursor solution. This provides an excellent means of 
controlling and tailoring the absorption of the CdTe tetrapods. The broader absorption 
tetrapods were then studied on the air-water interface due to the increased potential of 
optoelectronic devices arising from a fuller absorption spectrum (e.g., photovoltaic 
applications). The Langmuir isotherm showed two plateau regions: one at ~10 mN/m with 
another at the high pressure of ~39 mN/m. Langmuir-Blodgett depositions allowed the 
discernment of the unique packing alluded to in the isotherm. Once placed on the interface, it 
was revealed that the tetrapods experienced a dewetting phenomenon at the onset of surface 
pressure, forming a ribbon structure with a height corresponding to the length of one of the 
tetrapod arms. By increasing surface pressure, the ribbons widened and condensed to flower 
morphologies with eventual large scale network pattern. By controlling the pressure, the 
packing density of the nanocrystals was successfully manipulated, which may find future 
applications in optoelectronic devices. 
 
4.1. Experimental 
 CdTe tetrapods were synthesized by two different methods, described in Section 
2.1.4. They were deposited on the Langmuir trough at known concentration (0.61 mg/mL) 
and volume, typically between 15 and 100 µL. Sample formation and imaging were 
conducted as previously described in Chapter 2. 
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4.2. Results and Discussion 
 CdTe tetrapods were successfully synthesized by both methods, shown in Figures 16 
and 17. As evidenced in the TEM images, the sample consisted of tetrapods (4 legs) and 
other branched structures (2 and 3 legs). In the first batch, i.e., multiple injections shown in 
Figure 16, the diameter of the arms was 5.42 ± 0.75 nm with a length of 46.7 ± 9.3 nm, as 
determined by analyzing the TEM micrographs. Likewise, the second batch, i.e., slow second 
injection shown in Figure 17, had a diameter of 4.15 ± 0.70 nm and length of 52.6 ± 10.8 nm. 
Further experiments were only conducted on the first batch, i.e. multiple injections. This is 
due to the higher quality of the tetrapods as the slow injection had numerous nanocrystals 
with higher degree of branching. It is believed that the slow second injection provided a high 
enough monomer concentration to result in further branching. This branching could occur 
whenever a stacking fault or crystallographic default occurred.14, 42, 83 
By having multiple injections, one reaction can produce a range of aspect ratios. In 
the same multiple injection reaction, aliquots were taken after 4, 6, and 8 injections and can 
be seen in Figure 18. Analysis of the 6 injection sample produces a length of 47.2 ± 5.0 nm, 
within the length range of the 10 injection sample. However, the width of the 6 injection was 
determined to be 3.91 ± 0.52 nm, significantly smaller than the 10 injection sample. The 
narrower deviation in the six injection aliquot is due to the smaller number of arms analyzed 
(42) than the 10 injection sample (140) due to the higher concentration of nanocrystals in the 
six injection sample drop casted on the TEM grid, resulting in fewer arms suitable for 
analysis. Shown in this analysis, increasing the number of injections tunes the width of the 
tetrapods, which in rods53 and tetrapods67 controlled the onset of absorption. Indeed, the six 
injection sample (diameter 3.91 nm) had an absorption peak at a wavelength of 673 nm while  
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Figure 16 CdTe tetrapods synthesized by ten injections of the Te-TOP. 
 
Figure 17 CdTe tetrapods synthesized via a slow second injection after initial nucleation. 
 
Figure 18 CdTe tetrapods synthesized via multiple injections of Te-TOP in one reaction, 
with aliquots taken after various number of injections: left, 4 injections; center, 6 injections; 
right, 8 injections. 
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Figure 19 Absorption curves for 3.91 nm diameter (black) and 5.42 nm diameter (red) CdTe 
tetrapods. The 3.91 nm diameter peaked at a wavelength of 673 nm while the 5.42 nm 
diameter has a peak at a wavelength of 705 nm. 
the 10 injection (diameter 5.42 nm) sample had an absorption peak at a wavelength of 705 
nm, shown in Figure 19. Clearly, this synthesis with multiple injections provides an easy and 
direct way to control the absorption onset of the nanocrystals.  
Intriguingly, the synthesis for the CdTe tetrapods is based on synthesis for CdTe 
nanorods by Korgel’s group.76 In their work, subsequent injections of the Te-TOP resulted in 
an increase in nanorod length while keeping the diameter constant; though, without statistical 
measurements, this claim cannot be verified. However, it is clear in their work through 
supplied images that the aspect ratio greatly increases with increasing number of injections. 
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To explain this result of constant length yet increasing diameter, Peng and Peng’s 
work is consulted.41 During the first injection of Te precursor, nanocrystals are formed in a 
nearly spherical shape. In this work, it is believed that the conditions favored the zinc blende 
structure, allowing branched structures to form, since the (111) facet of zinc blende is the 
atomistic equivalent to the (0001) facet of the wurtzite crystal structure.14 However, it has 
been reported that multiple twinning faults in the wurtzite crystal structure have led to 
tetrapods and branched nanocrystals.83 This is not believed to be the case in this study, as the 
twinning was induced by the addition of methylphosphonic acid. With only 
tetradecylphosphonic acid (TDPA) and trioctylphosphine oxide (TOPO) in the reaction 
mixture, along with the cadmium precursor CdO and tellurium dissolved in trioctylphosphine 
(TOP), there are no molecules that could assist the twinning phenomenon observed in 
Manna’s group work. 
With the second and subsequent injections, it is believed that the reaction conditions 
favored the wurtzite crystal structure, which grew from the (111) facet of the zinc blende 
nuclei forming a stacking fault with the (0001) wurtzite plane. Initially, the -0001/0 facet will 
grow the quickest, due to the high chemical potential.14, 41 It is believed that nanocrystal 
growth is diffusion control,40, 41 and longer complex-forming ligands slow diffusion. As such, 
the same cadmium precursor concentration in a complex with a shorter ligand, e.g., HPA, 
will diffuse faster than a longer ligand-cadmium complex, e.g., TDPA. As TDPA was 
utilized in this work as the cadmium complex ligand, the diffusion of the complex will be 
decreased relative to other systems. 
It is known that at a large monomer concentration, 1D-growth occurs at the higher 
chemical potential faces (i.e.,-0001/0 in the wurtzite crystal structure).9, 14, 40, 41 This is due to 
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the high concentration that combats the slow diffusion of monomer species. At 
concentrations below this stage, 3D-growth occurs where the cadmium complex can diffuse 
into the vicinity of the growing nanocrystal at the same rate it is attached to the growing 
faces. Thus, the crystal maintains its aspect ratio while growing in size. At concentrations 
below 3D-growth, anisotropic growth is halted and ripening occurs in the nanocrystal 
synthesis. In this, monomers are removed from the nanocrystals’ reactive ends and attach to 
the short axis, creating more spherical nanoparticles.40, 41, 84 To keep the monomer 
concentration high, groups have mostly utilized high starting concentrations with relatively 
short reaction times; however, multiple injections have been utilized as well in Korgel’s 
group,76 which this synthesis is based off, and Alivisatos’ group’s early work.84  
In this work, since statistical analysis of the six and ten injection samples showed no 
change in length, as well as a quick analysis of the four injection sample, the monomer 
concentration was not conducive to 1D or 3D growth. It is proposed that at the reaction 
conditions experienced, tetrapods grew to have arm lengths in the 47 nm range rather 
quickly, within the first few injections where no aliquots were taken. By the fourth injection, 
the concentration may have increased enough to allow for growth initially, but by the end of 
the two minute growth period (right before another injection of Te-TOP), the concentration 
had decreased and ripening was occurring. Likewise, subsequent injections promoted growth 
initially but then gave way to ripening. Under close inspection, the 4 injection sample has 
relatively straight arms; however, later samples, especially 8 and 10 injections, have a “pearl 
necklace” appears, indicative of ripening along the arms. With this, the rate of diffusion of 
the monomer species was slow enough to provide a delicate balance of reaction conditions, 
 making it possible to increase the diameter of the tetrapod arms while keeping the length 
constant. 
Further Langmuir-Blodgett 
(i.e., 5.42 nm diameter arms). After purification by centrifuging twice, the tetrapods were 
dissolved in chloroform at a concentration of 0.61 mg/mL
placed on the water subphase in the LB trough. Through monitoring the surface pressure
while decreasing the surface area, the Langmuir isotherm was successfully obtain
in Figure 20. From this, three limiting areas can be determined by extrapolating the 
increasing pressure slope: A2
Figure 20 Langmuir isotherm of CdTe tetrapods consisting of arm length of 46.7 ± 9.3 nm 
and diameter of 5.42 ± 0.75 nm. Three limiting areas can be indentified by
increasing pressure slope: A2
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isolation should occupy approximately 6900 nm2 (47 nm radius circle). Clearly, at the onset 
of pressure (i.e., A2), something must account for the over five times increase in area, 
likewise for the rise in pressure corresponding to the limiting area A1. For the limiting area 
A0, the tetrapods must interdigitate due to the over five times reduction in area from the 
isolated tetrapod.   
To probe the exact packing of the tetrapods, Langmuir-Blodgett depositions were 
conducted at various pressures, specifically 1, 10, 22, 38, and 39 mN/m. After depositions on 
clean silicon wafers, AFM was conducted, with large scan sizes conducted on lower 
pressures, i.e., 1 and 10 mN/m. Additionally, optical microscopy was utilized to see the long 
range order on the wafers. Finally, LB depositions were also conducted on carbon coated 
TEM grids to view the individual nanocrystals. 
Larger area AFM images of the 1 mN/m and 10 mN/m LB depositions are shown in 
Figure 21 with scans sizes of 20 x 20 and 10 x 10 µm2. In these, it is evident that ribbon-like 
morphologies occur at the onset of pressure, i.e., 1 mN/m. This ribbon morphology is most 
likely due to (a) the dewetting behavior of the CdTe nanocrystals and (b) the unique tetrapod 
shape. The dewetting behavior arising from the hydrophobic ligands attached to the 
nanocrystal. After solvent evaporation, these ligands were intimately in contact with the 
water subphase. Since no amphiphilic molecules were present to help stabilize the system, 
the hydrophobic nanocrystals sought to minimize the system energy by forming aggregates. 
However, due to the unique tetrapod shape, the close packing of the nanocrystals could not 
be obtained. Instead, packing occurred along the arms of the tetrapods, with branching 
possible along other arm directions. Eventually, the nanocrystals formed a ribbon 
morphology, minimizing the overall energy. 
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 Comparing the AFM images in Figure 21, it is not possible to discern any significant 
difference between the 1 and 10 mN/m samples. In light of this, analysis was done on the 
AFM images, measuring the height and width of the ribbons of a 5 x 5 µm2 scan, shown in 
Figure 22 (AFM images) and Figure 23 (AFM analysis). By the analysis, it is evident that the 
height does not increase significantly in the 10 mN/m deposition. This is expected to be the 
case, as the ribbons should be a monolayer of the nanocrystals. Indeed, the fourth tetrapod 
arm, which has the possibility to be normal to the substrate, would have a height of 
b 
pi = 10 mN/m 
c 
pi = 1 mN/m 
d 
pi = 1 mN/m 
pi = 10 mN/m 
a 
Figure 21 AFM images of CdTe tetrapods at 10 (a & b) and 1 (c & d) mN/m. Scan size of a
& c is 20 x 20 µm2, b & d is 10 x 10 µm2. Z-scale is 100 nm for all images. 
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Figure 22 5 x 5 µm2 scans of CdTe monolayers at pi = 1 mN/m (left) and 10 mN/m (right).  
Z-scale = 100nm 
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Figure 23 AFM analysis of the 1 and 10 mN/m samples of the ribbon height (black) and 
width (red) from the 5 x 5 µm2 scans. Error bars represent the standard deviation. 
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approximately 47 nm (the length of the arm), which falls within one standard deviation of the 
measurements. Interestingly, the higher pressure shows a narrower distribution, even though 
the number analyzed was kept constant at 22. This could be indicative of tighter packing in 
the ribbon structure at the 10 mN/m pressure. 
 Comparing the analyzed ribbon width shows a clear trend between the 1 and 10 
mN/m samples. At the higher pressure, more nanoparticles coalesce into the ribbons, either 
through simple migration of particles or two ribbons combining. During AFM imaging, it 
was found that the monolayer could be seen visually with the optical camera. As such, 
 
Figure 24 Optical micrographs of LB samples at 1 (left) and 10 (right) mN/m. Scale bars are 
150 µm (top) and 35 µm (bottom). 
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optical micrographs were taken of the LB samples, shown in Figure 24. From these, it is 
evident that the higher pressure (right side, Figure 24) formed longer and more networked 
ribbons, compared to the more isolated ribbon formation at the onset of pressure, i.e., 1 
mN/m (left side, Figure 24). 
To investigate individual nanocrystals in the monolayer packing, TEM imaging was 
conducted on sampled produced on TEM grids, shown in Figure 25. From this, individual 
 
Figure 25 TEM micrographs of LB samples at 1 mN/m (left) and 10 mN/m (right). 
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nanocrystals at the lower pressure (left side, Figure 25) did not pack as tightly as the 10 
mN/m sample. Additionally, small aggregates along the ribbon can be seen as dark “flower” 
morphologies. In these, the packing of the nanocrystals is the densest, possibly indicating the 
sites of ribbon nucleation. In these flowers, nanocrystals could be overlapping each other due 
to the branching of the tetrapods. Indeed, the three arms of the tetrapod would not lie on a flat 
plane with 120° angle between them but rather be protruding at 109.5°. This would allow 
other nanocrystal arms to slide underneath the central, raised portion of a tetrapod, resulting 
in a stacked structure. However, as seen in the AFM height analysis, this stacking does not 
increase the height of the ribbons.  
Additionally at 10 mN/m, the TEM micrograph in Figure 26 was observed. This was 
on the same grid as the previous micrographs (right side, Figure 25). Clearly, as 10 mN/m 
was in the middle a pressure plateau (Figure 20), there is reorganization occurring with the 
 
 
Figure 26 TEM micrograph of CdTe tetrapods at 10 mN/m, depicting larger flower 
morphology with closer tetrapod packing. 
 Figure 27 Large scale TEM micrographs of pressure 1 mN/m (left) and 10 mN/m (right).
tetrapods going from purely ribbon morphologies to larger flower morphologies. These larger 
flower morphologies have tetrapods more closely packed than the ribbon structures, with 
more pushed onto other tetrapods. By zooming out, packing on a larger scale 
shown in Figure 27.  
Figure 28 5 x 5 
 
 
µm2 AFM image of the 22 mN/m deposition.
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can be seen, 
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Figure 29 Optical micrographs of the 22 mN/m deposition showing the long range 
networking structure. Scale bars are 150 µm (left) and 35 µm (right). 
Clearly, these larger flower morphologies are dispersed throughout the ribbon 
structure, responsible for the larger width seen in the AFM analysis (Figure 23). The 
deposition at 22 mN/m showed the larger flower morphology similar to the deposition at 10 
mN/m. The 5 x 5 µm2 AFM image can be seen in Figure 28. 22 mN/m is in the middle of the 
sharp rise in pressure resulting in the limiting area A1 of 11450 nm2. Clearly, the flower 
network has condensed and thickened, resulting in a denser and clearer pattern visible in the 
optical micrographs shown in Figure 29. Additionally, this can be verified by AFM height 
analysis of the aggregates, shown in Figure 30. Similar to the 1 and 10 mN/m depositions, 
the 22 mN/m deposition had a height that only slightly increased. This can be attributed as 
the height of the fourth tetrapod leg of 47 nm. Since the nanocrystals are rigid, rearrangement 
of the tetrapods to form long fibers, as in flexible polymers,85 cannot occur; instead, the 
ribbon, flower, and network structure occurs, minimizing the energy. Similar to before, the 
22 mN/m deposition had an increase in width compared to lower pressures. However, the 
increased width was not as great as the increase between 1 and 10 mN/m. 
  59 
0 2 4 6 8 10 12 14 16 18 20 22 24
0
20
40
150
200
250
300
350
400
450
0
20
40
150
200
250
300
350
400
450
 
M
e
a
su
rm
e
n
t (n
m
)
Pressure (mN/m)
 Height
 Width
 
Figure 30 AFM height and width analysis for different deposition pressures. 
By depositing a monolayer approximately halfway through the transition, i.e., sharp 
rise in pressure, the transformation from a sparse arrangement of networking ribbons is 
visible. In the micrographs, larger voids on a length scale of a hundred micrometers in 
diameter can be seen neighboring more concentrated nanocrystal regions. The TEM 
micrographs in Figure 30 show individual nanocrystal packing in the network structure. In 
the top left and right of Figure 31, the compact packing can be seen with the flower 
morphologies almost contiguous through the network. With the top right micrograph, a 
portion of a void can be seen, completely vacant of any nanocrystals. This is further evidence 
of the dewetting phenomenon; additionally, AFM section analysis revealed bare silicon 
substrate in the voids. The bottom two micrographs in Figure 31 show the packing of 
individual nanocrystals.  
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Figure 31 CdTe tetrapod LB deposition at 22 mN/m. 
It appears that full tetrapods, nanocrystals with four complete arms, drive the 
formation of the flower aggregates. Connecting the aggregates are less branched, i.e., two or 
three arms, structures. However, as seen in the lower left micrograph, these statements are 
not exclusive. In the middle of the three flower aggregates, there are clearly tetrapods with 
the fourth arm along the electron beam axis, which are slightly darker. The lower right 
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micrograph shows a clearer picture of the “core” of the aggregates comprising a majority of 
tetrapods surrounded by less branched nanocrystals. This is probably due to the ease of closer 
packing in the less branched structures compared to the fully branched tetrapods. 
 The deposition at 38 mN/m is after the steep rise in pressure which, as evidenced in 
the 22 mN/m sample, was responsible for forming a dense network structure with 
diminishing void size. Figure 32 shows the AFM height images at scans sizes of 10 x 10 µm2 
and 5 x 5 µm2. Clearly, morphological changes occurred from the sample at 22 mN/m 
(Figure 28). Similar to the 22 mN/m sample, a ribbon structure can be seen; however, larger 
aggregates appeared along the ribbon, distorting the network structure. Looking at the optical 
micrographs in Figure 33, it is clear that the ribbon morphologies condensed, forming a 
thicker “bridges” in the network structure.  
 
 
Figure 32 AFM height images of 38 mN/m LB deposition, i.e., start of the second (higher) 
plateau region in the Langmuir isotherm. 10 x 10 µm2 (left) and 5 x 5 µm2 (right). Z-scale = 
100 nm. 
 Figure 33 Optical micrographs showing the packing of the 
deposition of 38 mN/m. Scale bars are 150 
While at a broader view, i.e., left micrograph in Figure 3
the thicker network structure has voids still on the 100 
mN/m sample. By zooming in on a thicker bridges, i.e., right side Figure 3
that there occurs a complex packing with voids on the range of tens of micrometers. Inside 
these bridges, a new network is formed with a continuous n
hierarchical structure was formed with an order of magnitude change, i.e., voids of ~10s 
inside a network structure having voids of ~100 
The final LB deposition was taken at a surface pressure of 39 mN/m, right before t
final increase in pressure and monolayer collapse. AFM imaging was conducted on this 
sample; however, due to the dense packing, the 10 x 10 
shown in Figure 34. However, the optical micrographs taken of the deposition,
Figure 35, show the compact network structure extremely visible on the silicon substrate. 
 
 
CdTe tetrapods at a LB 
µm (left) and 35 µm (right). 
3, it can be easily seen that 
µm magnitude, sim
anocrystal structure. Thus, a 
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 Figure 34 10 x 10 µm2 AFM height image of the 39 mN/m LB deposition. Z
Figure 35 Optical micrographs of the 39 mN/m LB sample. Scale bars are 150 
35 µm (right). 
Evident in the micrographs are larger voids that have yet to collapse under the applied 
pressure. Zooming in with the right micrograph in Figure 3
structure seen at 38 mN/m has continued to thicken. Additionally, 
seems slightly more disconnected. This could be the result of pressure
 
 
 
5, it seems that the inner network 
the network structure 
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transformation for closer packing. Looking at large-scale TEM micrographs in Figure 36 
shows the continuous sub-micron network structure inside the larger micrometer scale 
network structures shown on the right in Figure 35. 
 
 
Figure 36 TEM micrographs showing tetrapod packing on a large scale from an LB 
deposition at 39 mN/m 
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 With these TEM micrographs, it is evident that there is a three-set hierarchal 
arrangement. On the submicron-scale, tetrapods form a network structure with voids with a 
magnitude of one micrometer. This network morphology grows into a larger network with 
voids 10 of micrometers in diameter, shown in the optical micrograph on the right side 
Figure 35. From this, a network with voids on the 100 micrometer range emerged, shown on 
the left in Figure 34. 
 Individual nanocrystal packing can be seen in the magnified TEM micrographs 
shown in Figure 37. Clearly, the nanocrystals are closely packed with some forming a 
multilayer (left Figure 37). This is due most likely to the combination of high surface 
pressure and the tetrapod shape. As stated previously, increasing the pressure beyond this 
point (39 mN/m) results in a quick, sharp rise in pressure followed by the collapse of the 
monolayer. This indicates the network structure at 39 mN/m is the final stable morphology. 
 
 
Figure 37 TEM micrographs of the 39 mN/m deposition sample showing individual 
nanocrystal packing. 
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 Since the monolayer at 39 mN/m is stable, the overlapping of nanocrystals seen in 
Figure 37 is primarily due to the tetrapod shape, where the nanocrystals cannot lie flat on the 
water subphase. This leaves voids beneath the nanocrystals, allowing other nanocrystals to 
penetrate. At high enough pressure, i.e., 39 mN/m, the penetrating nanocrystals can start to 
slightly push up the tetrapods while still keeping the monolayer network intact.  
 In summary, CdTe tetrapods were successfully synthesized using a modified 
procedure. This procedured utilizes multiple injections of the Te precursor, which contrary to 
previous work resulting in increased arm diameter instead of increased length. By increasing 
the width, the onset and peak absorption red-shifted which can be desirable for optoelectronic 
devices, e.g., photovoltaics. This process provides a single synthesis with multiple and 
tunable products by taking aliquots at different time and injection intervals. The tetrapods 
with an arm diameter of 5.42 nm and 46.7 nm length were placed on the air-water interface. 
The Langmuir isotherm was obtained showing two plateau regions at 10 and 39 mN/m, 
indicative of a rearrangement at the molecular level. Langmuir-Blodgett depositions were 
conducted at a number of pressure with the packing revealed by AFM, TEM, and optical 
microscopy. In contrast to nanorods, the tetrapods formed a ribbon structure on the onset of 
pressure, presumably due to the tetrapod shape. At higher pressures, these ribbons coalesced 
into a network structure, forming hierarchical structure within a structure with voids on the 
submicron, micron, tens, and hundreds of micron scale. This network structure could have 
future applications in optoelectronic devices due to its unique structure, controllable 
absorption onset, and semiconducting properties. 
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5. FUNCTIONALIZED NANORODS 
This short chapter describes preliminary work that is currently under investigation in the Lin 
Research Group. Due to the inefficient electron hopping required in quantum dot based 
electronics, quantum rods offer the hope efficient electron transport along the axis which 
minimizes the electron hopping. Additionally, the anisotropic quantum rods could allow for 
anisotropic functionalization, e.g., rod ends. With these and other desirable properties, 
quantum rods directly attached with conjugated polymer could have improved device 
performance, stemming from work described in Chapter 3.    
 
5.1. Results and Discussion 
 CdSe nanorods were synthesized in the presence of the DOPO-Br ligand, shown in 
Figure 38. These rods where synthesized by modifying Alivisatos’ work where the TOPO 
was replaced with DOPO-Br.75 These can be seen in Figure 38, with few branched structures.  
 
 
Figure 38 CdSe nanorods synthesized in the presence of DOPO-Br. 
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 As the quality of the nanorods could be improved, branched structure formation and 
numerous stacking faults where the nanorods are “kinked”, some reaction conditions could 
be modified. One in particular would be raising the reaction temperature. This would 
promote the wurtzite crystal structure over the zinc blende and may decrease the stacking 
faults, assuming the stacking faults are crystallographic defects stemming from the interfaces 
between the wurtzite and zinc blende phases. This crystallographic defect has been observed 
in other work9, 39, 84 and is the basis for the tetrapod formation described in Chapter 4.8, 13, 14 
 It should be noted that Emrick’s group attempted to synthesize CdSe quantum rods 
with the DOPO-Br functionalized ligand; however, they stated they were unable to do so.33 
As such, the quantum rods synthesized here in a one step reaction, instead of functionalizing 
through ligand exchange as Emrick did, was not expected to have the DOPO-Br capping. To 
verify, 1H- and 31P-NMR were conducted on the nanorods. Specifically, the proton signals 
from the benzene ring, with a shift of 7.1-7.4 ppm, were sought out. Interestingly enough, 
Figure 39 shows the 1H-NMR spectra of the CdSe nanorods. In it, the benzene ring signals 
are seen.  
 
 
Figure 39 1H-NMR spectrum of CdSe nanorods with DOPO-Br ligand. The benzene proton 
signals are between 7.1 and 7.4 ppm. 
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It should be noted that the chloroform solvent is responsible for the peak at 7.27 ppm. 
Other compounds in the CdSe reaction aside from DOPO-Br included HPA and TDPA. 
While it is believed that TDPA is responsible for forming a Cd-complex,39, 75, 76 both HPA 
and TDPA have the potential to behave as capping ligands on the nanorods. These molecules 
are both linear phosphonic acids and would not have a proton signal near the benzene peaks 
above 7 ppm. As such, the signals at 3.5 and lower ppm would be a combination of HPA, 
TDPA, and DOPO-Br. This could be quantified; however, for the research interest here, the 
main focus is on the inclusion of the DOPO-Br as a ligand, providing a functional group for 
further modification.  
With the DOPO-Br ligand attached to the nanorod, a mild Heck coupling can be 
carried out with the vinyl terminated P3HT, as described in Chapter 2. The vinyl termination 
on the P3HT has two doublet peaks at 5.1 and 5.5 ppm in the 1H-NMR spectrum, shown in 
Figure 40. If coupling occurs, these peaks will disappear. 
 
 
Figure 40 1H-NMR spectrum of vinyl-terminated P3HT. The vinyl-termination has two 
doublet peaks at 5.1 and 5.5 ppm, shown in the inset. 
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Figure 41 1H-NMR spectrum of CdSe nanorods after the coupling reaction with vinyl-
terminated P3HT. Shown in the inset is the absence of the doublet peaks from the vinyl 
termination. 
Indeed, after the coupling reaction, the 1H-NMR spectrum showed the disappearance 
of the peaks, shown in Figure 41. However, this does not clearly indicate P3HT coupling, as 
there could be only the ligands on the nanorod. It should be noted that the spectrum after the 
coupling reaction shows small peaks not present before the coupling, which might be 
indicative of the P3HT. To fully confirm P3HT coupling 31P-NMR was conducted on the 
nanorod sample before and after coupling; if coupling occurs, the 31P signal should shift.28, 33 
Figure 42 shows the 31P-NMR spectrum of the nanorods after two precipitations. Clearly, 
two sharp peaks can be seen at 47 and 50 ppm with two smaller ones at 36 and 37 ppm. The 
smaller two peaks are attributed to noise fluctuations in the scan. It was shown previously for 
the QD-P3HT nanocomposites used in Chapter 3 that the DOPO-Br has a 31P signal at 47 
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Figure 42 31P-NMR spectrum of CdSe nanorods with DOPO-Br ligand. The peak at 50 ppm 
is DOPO-Br attached to the nanorods, while the peak at 47 ppm could be free DOPO-Br 
ligand. 
ppm, and attached to the QD, it shifted to 50 ppm.28 As such, it is assumed that the 50 ppm 
peak in the nanorod sample is DOPO-Br attached to the rod, while the 47 ppm could be 
excess, free DOPO-Br or, less likely due to the high correlation to the previous work, the 
HPA ligand.  
With this promising result, the coupling reaction proceeded and the product 
precipitated twice to remove excess P3HT. Unfortunately, the 31P-NMR spectrum resulted in 
only noise, with no signal from any 31P. This is surprising, as the nanocrystals are still 
soluble in organic solvents, e.g., chloroform, with the only ligands present having a 31P 
nucleus. The lack of signal in the 31P-NMR spectrum is attributed to the low concentration of 
31P present in the sample, as some nanocrystals could have been lost in the precipitation. This 
is because of the minimal amount of methanol added, which precipitated only the largest 
nanocrystals. This was done with the hope of having a large yield of P3HT coupling on those 
nanorods. 
Unfortunately, the steps taken to reach this conclusion utilized a portion of the 
nanorods, with the remaining not enough to have greater concentration that previously 
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attempted. However, this allows the researchers to synthesize a new batch of functionalized 
CdSe nanorods in higher quality through manipulation of reaction conditions, e.g., increasing 
the reaction temperature. This work is currently underway through colleagues in the Lin 
Research Group. 
In summary, CdSe nanorods were synthesized in the presence of the functional ligand 
DOPO-Br. 1H-NMR and 31P-NMR spectra have shown the inclusion of DOPO-Br as a ligand 
on the nanorods, which provides a platform for attaching a vinyl-terminated polymer P3HT. 
The coupling was carried out with the 1H-NMR and 31P-NMR spectra showing promise of 
coupling; however, higher concentration of nanorods is needed to fully conclude coupling 
with the 31P-NMR. This is currently under investigation. 
  
  73 
6. GENERAL SUMMARY AND CONCLUSIONS 
Two cadmium-based nanocrystals were studied, cadmium selenide and cadmium telluride, 
which have potential applications in optoelectronic devices. CdSe quantum dots and 
nanorods were synthesized with a functional ligand, allowing for the formation of 
nanocomposites where a vinyl terminated conjugated polymer is attached through a mild 
Heck coupling. This provided a direct connection between the polymer and quantum, 
yielding improved charge transport from the polymer to the quantum dot. 
 The QD-CP nanocomposite was successfully verified previously, and the 
nanocomposite was placed on the air-water interface and studied for the first time. The 
Langmuir isotherm was obtained and showed intriguing packing behavior, which a model 
system was proposed where the conjugated polymer bends and folds only at the conjugation 
length. A photovoltaic device was fabricated and showed poor performance. This 
performance was rationalized through a number of factors with the two most prevalent being 
the thin active layer profile, 30 nm, and the electron hopping required between the QD for 
charge collection. It is envisioned that nanorod-conjugated polymer nanocomposites would 
have an improved device performance due to the less frequent electron hopping. 
 Cadmium telluride tetrapods were synthesized in a manner that easily controlled the 
arm width and therefore absorption peak and onset, i.e., multiple injections of the Te 
precursor. The tetrapods were then placed on the air-water interface and showed unique 
dewetting behavior, forming ribbon like structures at the onset of pressure. This dewetting 
and ribbon formation is attributed to the purely hydrophobic behavior and unique tetrapod 
shape. At higher pressures, flower aggregated formed along the ribbon structure and eventual 
network structure formed. The less branched nanocrystals had a tendency to form along the 
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edge of the aggregates, presumably due to their increased mobility compared to the four-arm 
tetrapod.  
 CdSe nanorods were synthesized in the presence of a functional ligand. Initial NMR 
results show promise in this one batch synthesis, compared to the previous work done 
through ligand exchange. This shows promise and future work is continuing through 
colleagues in the Lin Research Group. 
 Nanocrystals show promise for future optoelectronic applications; however, further 
research needs to be done on the fundamental science as well as the device application. This 
work addresses the fundamental science of nanocrystal and nanocomposite synthesis with 
desirable shapes and functionalized ligands. Additionally, these nanocrystals and 
nanocomposites were placed on the air-water interface, allowing for pressure-induced, two 
dimensional organization. This provides a simple route to effectively control the nanocrystal 
lattice with reproducible results. 
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